Abstract: Remediation through aquatic macrophytes treatment system for the removal of noxious contaminants from wastewater is an emerging environmental protection technique. The dried and acid-alkali treated bulbs of water hyacinth (WHB) having high porosity and O 2 -filled functional groups were utilised to treat Pb(II) from industrial wastewater. Characterisation of WHB with FESEM, XRD and FTIR exhibited the presence of several carboxyls, hydroxyl, ketonic, aldehydes and other O 2 -filled functional groups showing WHB adsorption with highest monolayer capacity of (Q m ) 38.614 mg/g. WHB adsorption directed towards the pseudo-second order kinetics and Langmuir isotherm mechanism. The study also emphasised effective regeneration of WHB using HNO 3 , NaOH and vacuum dry. The bio-sorption mechanism was observed to be endothermic spontaneous reaction process, with ΔG decreased from -0.71 to -8.53 with increasing temperature. With optimised and controlled process conditions, only 5.0 g L -1 of WHB bio-sorbent could significantly treat about 85.3% of 100 mg L -1 of Pb(II) within 120 minutes at pH 7.0 and 30°C. Also a comparative optimisation study of ANN and RSM were used to predict the WHB bio-sorption bioprocess. Therefore, WHB have efficient potential to be commercially applicable as an environmental-friendly and economical bio-sorbent for treatment of Pb(II) from solutions and effluent from paint industry.
Introduction
Waste effluent discharged by paint industries with high heavy metal content is of serious threat to the environment because of its high persistence and low biodegradability in surface and ground water (Huang et al., 2014) . The aqueous metal ions are known toxic in nature, non-biodegradable and more likely to accrue in human body, thus causing a number of health problems, diseases and disorders. Among the toxic and hazardous metal ions are copper, lead, mercury, cadmium and chromium (Feng et al., 2011) . Lead (Pb 2+ ions) is one of the common contaminating materials present in the paint industrial effluent and its treatment is of utmost necessary. Because of its high accumulation level, it affects plants, animals and even humans by causing nervous and renal breakdown, weakness, headache, brain damage convulsion, behavioural disorder and constipation (Pehlivan et al., 2009a (Pehlivan et al., , 2009b Boudrahem et al., 2011) . The permissible limit for lead (Pb 2+ ions) in drinking water for instance, as recommended by WHO is as low as 0.05 mg L -1 . These limits imply more rigid implementations for lead removal from aqueous environment, accordingly; innovative economical alternative methods for treatment of wastewater containing lead are constantly developing (Reddy et al., 2010) .
Predictable techniques for removing dissolved heavy metals like lead (Pb 2+ ions) from effluents include chemical precipitation (Aziz et al., 2008) , carbon adsorption, electrochemical reduction (Liu et al., 2013) , ion-exchange, chelation and solvent extraction, membrane filtration (Pehlivan et al., 2009b) all exhibit several disadvantages, such as high cost, incomplete removal, low selectivity, high energy consumption (Panjeshahi and Ataei, 2008) and generation of toxic slurries that are difficult to eliminate (Kilic et al., 2013) . The primary reason for this present study is emphasised particularly in utilisation of abandoned agro-waste and natural waste products. The advantages of bio-adsorption over other conventional approaches include minimum cost, high efficiency, minimisation of chemical and biological sludge, renewal of adsorbent and possibility of metal recovery (Boudrahem et al., 2011; Reddy et al., 2010; Singha and Das, 2012; Ibrahim et al., 2012; Mahamadi and Nharingo, 2010) .
Considering the chief aim to lessen the expense of an adsorption system, several research attempts have been made to find low cost alternative adsorbents for the treatment of heavy metals. As a result, significant contributions have been made in utilising plenty of agro-based solid waste material including, coffee and tea wastes, peanut hull, hazelnut straws, pinus bark, rice husks, corncobs, wool fibres, banana and orange peels, sugarcane bagasse, apple wastes, mango integuments, papaya wood, maize leaf, grape stalk wastes and modified substances including sunflower stalk, sugar beet pulp, cotton, etc. (Feng et al., 2011; Kanjilal et al., 2014; Saeed et al., 2005; Hashem et al., 2006; Bhattacharya et al., 2006) . In order to compare the different sorbent material, an important parameter to consider is expense. Although, information on the commercial expense is seldom mentioned in research reports, also the cost of individual adsorbents differs according to the processing requirement and easy availability. The aim of the present study was also to determine the effectiveness of inexpensive, locally available, solid waste material that could be potentially applicable as bio-adsorbent for treatment of lead contaminated industrial wastewater.
Water hyacinth, being native to tropical country like India; is free-floating and one of the fastest growing aquatic weed. It is known for its high pollutant and heavy metal removal efficiency, higher reproduction rate and tolerance of ecological factors (Maine et al., 2001) . So far, attempts have been made to utilise certain sections of the water hyacinth plant namely root, stem and biomass (Rajamohan, 2009) and in the present study; the authors attempted for the first time to utilise the dried bulbs of water hyacinth (WHB) for effective bio adsorption. The dried bulbs possess high porosity, large internal surface, intense binding capability, tolerance over multiple contaminants, minimal pollution and active regeneration mechanism. Therefore, the rationale of the present study is to explore the bio-adsorption approach to treat the harmful industrial effluent and aqueous solution of Pb(II) using new agro-based solid waste sorbent; WHB. Attempts have been made for analysing WHB in FESEM, FTIR and XRD studies along with different kinetic and isotherm for effective adsorption. Importance is given on the optimal interactive effect of operating variables on overall removal efficiency of Pb 2+ ions from aqueous solution and maximises adsorption using response surface methodology and artificial neural networking.
Materials and methods

Reagents
Lead nitrate (A.R. grade), hydrochloric acid and sodium hydroxide, were obtained from Merck, Mumbai, India. Industrial effluent was collected from a paint industry nearby Kolkata.
A stock solution of Pb(II) ions (500 mg/L) was prepared by dissolving Pb (NO 3 ) 2 , in de-ionised water. All working solutions were prepared by diluting the stock solution with de-ionised water.
Collection and preparation of adsorbent
Water hyacinth (Eichhornia crassipes) was collected from local pond (West Bengal, India, 22° 31' 48" North, 88° 16' 11" East) . The spongy and voluminous bulb portion was separated from the rest of the plant parts. Fresh water hyacinth bulb (WHB) was used as bio-adsorbent in the present investigation. The bulbs were cut in fine slices of active surface area (360 mm 2 ) and were vacuum dried. The fresh raw bulbs (untreated) and its treatment with NaOH; were studied individually, as the potential adsorbents, in batch mode for different process parameters and isothermal experiments. The dried bulbs were washed with distilled water and immersed in HCl solution (0.1 N) for 24 h followed by treatment with NaOH (0.1 M). Next, the bulbs were vacuum dried in hot air oven fitted with vacuum pump at 70°C for 5 days to reach a constant weight.
Characterisation analysis of WHB
The batch samples of Pb(II) solution and WHB (alkali treated and untreated) were kept under constant process parameters (30°C, pH 7, time: 200 minutes, 80 rpm, 100 mg L -1 Pb(II) conc). Then the samples were taken for analysis in FTIR (ATR 8200h/8200HA) and FESEM (JOEL JSM 6700F) as well as XRD (XRD, Bruker D-8 Advance Diffractometer, USA) analysis (Reddy et al., 2010) .
Analytical technique
Atomic adsorption spectrophotometer (AAS -Spectra A Analyst 200, Perkin Elmer, USA) was used to quantify the metal ions in experimental reaction mixtures. The procedure is based on flame absorption (all the measurements were carried out in air/acetylene flame) and it depends upon the fact that metal atoms absorb strongly at discrete characteristic wavelengths, which coincides with the emission spectra lines of the particular metal. For lead metal ion the characteristic wavelength was found to be 283.3 nm. AAS was used for its high degree of freedom from the interference of its environment, i.e., presence of other elements; traces of one element can be accurately determined in presence of high concentration of other elements. The method is also almost independent of the flame temperature, since we are usually dealing with atoms in an unexcited or ground state (Kanjilal et al., 2014) .
Bio-adsorption study
The charge on all functional groups of the adsorbent approaches zero at the point of zero charge (pH pzc ). To determine pH pzc 2 g of WHB (alkali treated and untreated) were added to 0.05 litre of KNO 3 solution (0.01 N), and the initial pH was adjusted to be between 2 to 11 using KOH (0.01 N) and HNO 3 (0.01 N) solution. The flasks were kept in shaker for 24 h. The mixture was filtered and pH of the solution was quantified in order to calculate the final pH. The intersection point of the obtained curve indicated the amount of point zero charge.
Batch adsorptions for different parameter were carried out to study the adsorption efficiency of Pb(II) on WHB adsorbent. Batch samples of aqueous Pb(II) solution with alkali treated and untreated WHB were prepared. The adsorption efficiency was studied by varying pH of batch from 2 to 10. The flasks were kept in the BOD incubator with rotary shaker under constant process parameters (rpm: 80, temperature: 30°C, time: , time: 200 minutes). The batch samples after treatment were filtered using Whatman filter paper and then the concentration of Pb(II) in the filtrate was measured using AAS.
The results were expressed as the removal efficiency (E) of the adsorbent towards metal ions or the % removal, which was quantified using the following equation:
where C 0 and C f are taken to be the initial and final equilibrium concentration (g/L) of metal ions in solution, respectively (Singha and Das, 2012) .
Kinetic modelling study
In order to study the bio-sorption kinetic modelling, about 5.0 g of WHB was added to 50 mL of 100 mg L -1 concentration of Pb(II) solution at pH 7.0 for 200 minutes.
Pseudo-first order modelling study
The equation for pseudo-first order model is given in the following form:
where q a (mg/g) is the adsorbate amount which is adsorbed at time t (minutes), q p (mg/g) is the equilibrium capacity of WHB bio-sorption and k c (mins -1 ) is the rate constant (Guerrero-Coronilla et al., 2015) .
Pseudo-second order modelling study
The equation for pseudo-second order model is given in the following form:
where K r (g/mg min) is the pseudo-second order rate constant (Guerrero-Coronilla et al., 2015) . The initial rate of adsorption i can be assumed for q a → 0, therefore, i can be obtained from the given equation:
Elovich modelling study
The equation for Elovich model is given in the following form:
where a (mg/g min) is the initial rate of adsorption and b (g/mg) is the constant for desorption (Flores-Garnica et al., 2013) .
Intra-particle diffusion modelling study
The equation for Weber-Morris or intra-particle diffusion model is given in the following form:
where k wm (mg/g min) is the rate constant for intra-particle diffusion and E (mg/g) is the proportionality constant to the thickness of layer boundary (Huang et al., 2014) .
Thermodynamics of WHB bio-sorption study
For the WHB bio-sorption process, the criteria for thermodynamics study can be estimated from the given equation:
where the classical gas constant R is 8.314 KJ/mol, C k is the equilibrium constant and temperature is T. C k can be estimated from the given equation:
where the Pb(II) equilibrium concentration present in WHB and in aqueous solution is shown by E A and E S respectively. The standard considered change in enthalpy (ΔH) along with the change in entropy (ΔS) of WHB bio-sorption is given by Van't Hoff equation:
-ΔH/R is considered as the slope whereas ΔS/R is considered as the intercept in the plot representing Van't Hoff equation (Guerrero-Coronilla et al., 2015 , Blazquez et al., 2011 .
Adsorption isotherm analysis
One of the objectives in this study was to determine the best fitted adsorption isotherm for Pb(II) adsorption on WHB. Bio-adsorption isotherms are the most important information for analysing and designing a bio-adsorption process. To determine the relationship between the amount of the adsorbate adsorbed (q e ) to its concentration in the aqueous phase (C e ) at equilibrium, the adsorption isotherm model is taken up for fitting the data. In the present research, the results of Pb(II) adsorption studies were fitted to model of Langmuir and Dubinin-Kaganer-Radushkevich (DKR) isotherm with varying initial Pb(II) ion concentration in the batch.
Desorption and regeneration analysis
Initially about 3.0 g of WHB was saturated with about 100 mg L -1 concentration of Pb(II) solution for 90 minutes. The WHB desorption experiments were then carried out by adding the 3.0 g of WHB with 50 mL of 100 mg L -1 Pb(II) solution along with different concentration of HNO 3 (Singha and Das, 2012) and NaOH. The solution was kept in shaker incubator for a specific period of time. The equilibrium concentration was estimated after desorption experiment was performed. The desorbed WHB was carefully and completely vacuum dried at 85°C for 5 days and it is prepared to be reused as a bio-sorbent.
Optimisation of the adsorption process
The experimental working conditions were selected in the subsequent ranges:
Contact time 30 to 200 minutes, pH 2 to 10, adsorbent loading weight 0.5 to 5 g and initial metal ion concentration 100 mg/L to 500 mg/L. A total of 30 experimental runs were conducted with eight centrepoints. Experiments were performed according to face centred central composite design (FCCD) formulated through Design Expert® 8.1 Software (Stat-Ease, Inc., Minneapolis, USA) to determine the effect of various operational parameters viz. initial metal ion concentration, pH, contact time, adsorbent loading weight on the removal percent of Pb(II). In order to examine the effects of individual parameters as well as their relative effects on the response variable, a general second order polynomial model was selected and is deduced by the equation depicted below:
( 1 0 ) where 'y' is the response variable, b o is the constant, b i is the linear coefficient, b ii the quadratic coefficient, b ij the interaction coefficient and X i is dimensionless coded variables (X 1 depicted for contact time, X 2 for pH, X 3 for adsorbent loading weight and X 4 for initial metal ion concentration). The regression of the above equation was considered for optimisation to maximise 'y' using numerical optimisation program of the same design software where the responses for each combination which have been determined experimentally was given as input for optimisation. Response surface methodology was used to maximise the removal of Pb(II). To ascertain the reproducibility of the data all experimental runs were conducted in triplicate.
Application of ANN
In the present study, the inputs to the ANN model were identical to the factors considered in FCCD approach, namely, contact time, pH, adsorbent weight and metal concentration. Similar to FCCD modelling, the % removal of Pb(II) was considered as response (target) for ANN modelling. All the input and output were regularised within consistent range (0.1-0.9) to achieve uniform consideration during training of the network. MATLAB 7 (The Mathworks, Inc., ver. 7.0.1) was chosen to develop the ANN application using neural network toolbox from the data. The input-output patterns required for training were obtained from batch adsorption experimentation planned through FCCD. Here, the network will be trained with Levenberg-Marquardt back propagation algorithm (trainlm).
A three-layer feed-forward back propagation neural network with a linear transfer function was developed for modelling of lead removal, using treated WHB.
Results and discussions
Preparation and characterisation analysis of WHB bio-sorbent
The primary purpose of this study is to investigate the feasibility of low cost, locally available natural scrap weed as biosorbent for treatment of Pb(II) ions from aqueous solution and effluent from paint industry. The water hyacinth bulbs WHB were used as biosorbent in the present study. The diagrammatic flowchart in Figure 1 illustrates the preparation and acclimatisation of biosorbent in different steps. For the quantitative and proximate analysis of the WHB sorbent, the following parameters including, the active surface area, point zero charge, bulk density, percentage of ash content, moisture content, dry matter and elemental content were estimated. The estimation showed an active surface area of 360 mm 2 , a bulk density of 0.3 g cm -3
, the point of zero charge of 6.96; percent dry matter, moisture content and ash content of 81.1%, 11.63% and 10.94% respectively. The total carbon content was 34.2%, hydrogen was 6.82%, nitrogen was 0.76%, sulphur was 0.4% and oxygen was 52.7%. The presence of carbon, oxygen and sulphur provide the soft bases and high bonding affinity towards Pb(II) and because of such chemical presence WHB can be applicable as an efficient biosorbent. The FTIR spectrum of WHB samples indicated weak and broad peaks in the region of 4,000-500 cm -1 as shown in Figure 2 (a). The FTIR bands can be assigned to the presence of carboxyl, lactones, and phenols groups. The FTIR spectrum of treated and untreated WHB indicated the strong peak of hydroxyl (O-H) group gave at wave number 3,329 cm -1 . The adsorption bands around 2,365 cm -1 and 2,330 cm -1 (medium sized two peaks) corresponds to primary and aliphatic amines. The peak around 2,200 cm -1 denotes the presence of alkyne group. The adsorption band around 1,534 cm -1 indicates the alkene group. An adsorption band around 715 cm -1 denotes aldehydes and ketonic group. The peak at 600 cm -1 was attributed to aromatic C-H bending. The WHB are observed to be composed of inulin, lignin and hemicelluloses , Liu et al., 2012 . Therefore, the treatment of WHB by NaOH has shown to contain the high lignin content in the dried plant matter. The XRD analysis of sorbent WHB as depicted in Figure 3 shows the presence of considerable amount of hemicelluloses, tannin and lignin in the sample. The pattern of XRD for WHB sorbent before and after adsorption of Pb(II) depicts that the structure of WHB sorbent changes significantly after Pb(II) adsorption (Reddy et al., 2010) .
Effect of biosorption parameters
Effect of pH and initial Pb(II) concentration on WHB biosorption
The biosorption experiments were carried out by adding 5.0 g L -1 of WHB sorbent with 50 mL of 100 mg L -1 Pb(II) solution followed by carefully shaking in BOD incubator shaker for 200 mins. The pH was set between 2 to 10. From Figure 4 (a), it can be seen that Pb(II) adsorption onto WHB surface increases slowly from pH 2.0, with a steady and sharp increase from pH 6.0 to 7.0. The optimum WHB adsorption capacities for Pb(II) were observed at the pH of 7.0 to 7.5. At the low pH ranges of 2.0 to 4.0, the uptake of Pb 2+ ions in aqueous solution is low due to the relative competition between H + ions and Pb 2+ cations for binding in active site of adsorption. The activated or protonated sites of adsorption usually inhibit Pb 2+ binding on the WHB outer surface (Saeed et al., 2005) . With the sharp increase in pH from 6.0 to 7.0, the negative charges on the outer surface of WHB increases thereby enhancing the biosorption of positively charged Pb 2+ ions by electrostatic attractions. Moreover, less number of H + ions is available to compete with the Pb 2+ ions for active adsorption sites, which in turn increases the Pb(II) biosorption. Moreover, the oxygen-laden functional groups can also donate certain amount of electrons to Pb 2+ ions to form the active surface complexes (Depci et al., 2012) . This feature was illustrated by the FTIR spectral analysis in Figure 2 (a), which showed the peaks at 3,645, 2,721, 2,216, 1,854 and 1,014 cm -1 corresponding to the different functional groups of -OH, -C=O, -CH 3 and C-O. Such trends were reported in literature for adsorption of Pb(II) onto bael leaves (Chakravarty et al., 2010) and titanate nanotubes (Xiong et al., 2011) .
The change of initial metal concentration refers to the change of number of molecules present per unit volume. Therefore, increment in metal concentration always enhances the intra-molecular competition to reach the surface of adsorbent and with the increase of it causes higher number of molecular movement toward an active site per unit time for a fixed concentration of adsorbent. In Figure 4 (b), effect of variation of initial Pb 2+ ion concentration on adsorption has been shown, when all other parameters are kept constant (Naiya et al., 2009a (Naiya et al., , 2009b . At lower concentration of Pb 2+ ions, number of available molecules per unit active surface area of WHB is less compared to that at higher range of Pb 2+ concentration and thus the number of approaching particle to active site is less. As a result, higher adsorption rate was observed at lower metal concentration; when all other parameters are kept constant. As time progresses active site of WHB would be saturated with target molecule, so, rate of adsorption decreases and gradual desorption starts. Hence, lower metal concentration Pb(II) always shows better adsorption rate. 
Effect of Contact time, loading weight, temperature and agitation speed
It was observed [ Figure 5 (a)] that initially there is a slow rise in adsorption phenomenon as the adsorbent require time for acclimatisation with the aqueous solution and gradually the adsorption increases exponentially and reaches a maximum value (at 120 minutes). It showed to proceed gradually to equilibrium and accounted for the main portion in the total Pb 2+ ion biosorption. With the gradual increase in the biosorption and stabilising in equilibrium the saturation of the active adsorption sites was observed (Ibrahim et al., 2012) . Further, with the increase in time, adsorption decreases, due to desorption (probably due to competition between the Pb(II) ions). Hence, for the untreated adsorbent; desorption abruptly increases with time but for the treated adsorbent; adsorption abruptly increases with time (Reddy et al., 2010) .
The dependence of Pb(II) adsorption on adsorbent dose was studied by varying the amount of adsorbents from 0. . The reason can be attributed to the availability of more sorption sites with the increase in the dosage amount of WHB sorbent (Singha and Das, 2012) .
The temperature is another driving factor for any type of adsorption process, and this study has also tried to look into the temperature effect on adsorption of Pb(II) ions on surface of WHB. In general, rate of adsorption depends upon the pore surface diffusion on the adsorbent surface (Nakashima et al., 2003) . It is quite obvious that rate of the diffusion increases with temperature because of faster movement and penetration of the Pb(II) ions through pores of WHB. Here, the range of temperature was varied from 20°C to 70°C. According to general principle of adsorption, the rate of adsorption has increased with temperature up till 30°C, shown in Figure 5 (c) when all other parameters were kept constant. Subsequently, adsorption rate gradually decreased with increase in temperature (Blazquez et al., 2011) . This might be explained with the theory of randomness or R.M.S. velocity which increases with increase in temperature. With the increase of randomness, the adsorption rate decreases as temperature increase. Moreover, this physical adsorption process can also be explained with the help of van der Waals forces. These types of forces are responsible for physical surface adsorption and with increase in temperature it reduces. After 30°C its reduction may hamper the rate of adsorption. Therefore, the percentage removal of Pb(II) is maximum at a temperature of 30°C, hence it is considered to be the optimum temperature for all the parameters. 
Optimal agitation is necessary for better adsorption and higher removal of Pb 2+ ions. As the agitation speed increases from 40 rpm to 80 rpm the percentage removal of Pb 2+ ions also increases, followed by gradually decrease in removal efficiency since the Pb 2+ ions could not get adsorbed effectively on the surface of WHB due to high mechanical force (Kanjilal et al., 2014) . The treated WHB sorbent showed higher percentage removal of Pb(II) than the untreated WHB. From the plot [ Figure 5(d) ] it is determined that, at an optimum agitation speed of 80 rpm; the adsorption and removal of Pb(II) ions by WHB was maximum. 
Adsorption kinetic modelling study
To experiment the process of biosorption and allied rate determining steps, including chemical reaction mechanism and kinetic modelling study were used to investigate the experimental data. The data of kinetic parameter and the correlation coefficients were calculated using the nonlinear regression by Origin version 8.0. The adsorption kinetic model fitting were plotted in Figure 6 (a). The pseudo-second order kinetic model shows best fit to the tested data with correlation coefficient of 0.96 for Pb(II). Therefore the pseudo-second order kinetic model can be used to analyse the biosorption kinetics and predicted the mechanism of rate determining step, which was chemi-sorption. In the chemi-sorption process, the chemi-sorptive bond was observed in exchanging of electrons between WHB and Pb 2+ ions (Sych et al., 2012) . The pseudo-first order kinetics and Elovich model was observed to have R 2 = 0.87 and 0.83 respectively, which also suggests the chemisorptions process. The WHB adsorption kinetic modelling study has been listed in Table 1 .
Intra particle diffusion study
The intra particle diffusion modelling study was conducted to investigate the multi-linearities, depicting that three steps occur during the biosorption of Pb(II) mechanism onto WHB as seen in Figure 6 (b). Considering the regression between q a and t 1/2 is linear and connecting through origin, the intra particle diffusion is the rate determining step (Mittal et al., 2007) . The gradual steep part with the sharp external surface adsorption is pointed to the instantaneous use of the most easily available site of adsorption on the surface of WHB. The next portion clarifies the layer adsorption part, where intra particle diffusion is rate determining. With the adsorbed material forming a heavy layer by inter ionic attraction and molecular conjunction, the rate of diffusion decreases (Table 1) due to decreasing pore volume or increasing the electrostatic repulsion of the WHB surface. Generally the slope on the first linear part shows the intra particle rate constant. From Figure 6 (b), it is seen that the linear part does not pass through the origin, depicting that the Pb(II) adsorption rate is controlled by intra particle diffusion. However, certain mechanism like ion exchanges and complex formation may sometimes control the rate of Pb(II) biosorption (Foo and Hameed, 2012) .
Thermodynamics of WHB biosorption study
The effect of increasing temperature (20°C to 70°C) on Pb(II) biosorption by WHB was investigated from Van't Hoff equation [equation (9)]. In Table 2 , the values of change in enthalpy (ΔH) were found to be positive indicating the adsorption reaction to be endothermic in nature, while the values of change in entropy (ΔS) were also found to be positive showing an uniform and strong affinity of Pb(II) to WHB (Guerrero-Coronilla et al., 2015; Blazquez et al., 2011) . 
Adsorption isotherm study
The observed data of adsorption using WHB were fitted in standard isotherms. The data plot contented the Langmuir and Dubinin-Kaganer-Radushkevich (DKR) isotherm model of Pb 2+ ions on the adsorbent surface. The adsorption isotherms were obtained in sufficient time of 200 minutes at different initial concentration (100 mg L -1 to 500 mg L -1
). The Langmuir model is expressed based on the assumption of monolayer adsorption on to adsorbent surface, finite capacity adsorption for adsorbate and the occupation of a metal ion on one site. The Langmuir model is expressed as: An important feature of the Langmuir adsorption is expressed in terms of R L , a dimensionless separation factor (Namasivayam et al., 2001) . R L indicates the behaviour of the process.
• R L > 1, unfavourable process
It is expressed as:
where C o is the highest initial Pb(II) concentration. As R L values for both alkali-treated and untreated WHB (after adsorption) are almost equal to 1, the process is favourable.
The Freundlich model is expressed considering the interactions between adsorbed molecules in a heterogeneous system. This model is expressed as:
where K f (mg/g) is Freundlich constant which represents bonding energy and 'n' is the heterogeneity factor which indicates the feasibility of the adsorption process. For n > 1, it is favourable adsorption process. The plots [ Figure 7 (c) and 7(d)] of log q e versus log C e helps us in determining the intercept (K f ) and slope (n).
As the 'n' values for alkali-treated and untreated water hyacinth bulbs (after adsorption) are less than 1, the process is not favourable.
The DKR isotherm helps in predicting the nature of adsorption by determining the apparent energy of adsorption. This model does not assume a homogenous surface or constant sorption potential (Arivoli et al., 2007) . DKR isotherm is expressed as:
where X m (mg/g) is the maximum sorption capacity, β (mol 2 /kJ 2 ) is the activity coefficient related to mean sorption energy, and ε is the Polanyi potential which is expressed as:
where R (kJ/kmol-K) is the gas constant. The plot [Figures 7(e) and 7(f)] of ln q e versus ε 2 gives the slope β and intercept X m .
And the adsorption energy (E) is calculated using the relation: Hence we can infer that WHB follow both Langmuir and DKR isotherm there is monolayer formation with chemi-adsorption process. Table 3 lists the isotherm modelling study for WHB biosorption. 
Desorption and regeneration of WHB
In order to analyse the overall Pb(II) biosorption mechanism and check the applicability of the used WHB sorbent, desorption as well as the regeneration studies were performed. It was observed that about 18.7%, 85.2% and 22.3% of Pb 2+ ion removal from aqueous solution can be obtained by simply thorough washing of Pb(II) contained WHB with ultrapure water, 0.1 M HNO 3 and 0.1 M NaOH respectively (Singha and Das, 2012) , followed by vacuum drying thoroughly for five consecutive days at 85°C. Reports of adsorption and desorption studies of Pb(II) are available in literature onto bael leaves (Chakravarty et al., 2010) . The acid alkali activated WHB surface layer at acidic condition can improve the Pb(II) desorption. The potential competition of H + ions at various sites of adsorption causes the release of the adsorbed Pb(II) into the aqueous solution. From the desorption studies, it can be observed that Pb(II) is adsorbed on the WHB surface by chemisorptive interactions and partially by complex formation due to O 2 -binding (Jaramillo et al., 2009 ). The results illustrate simplistic recovery of the treated WHB using HNO 3 (pH 1.5) and NaOH (pH 12.5) followed by thorough vacuum dry. Research was also seen in the Pb(II) adsorption onto activated carbon from P. orientale Linn . In the present study, about five Pb(II) adsorption and desorption cycles were experimented onto WHB. The Pb(II) adsorption capacity of the recycled WHB decreased approximately by 17.8% at the fifth cycle. Thus, WHB can be utilised for several times without significant change in the biosorption capacity.
Bio-sorbent comparative study
A comparative study of different biosorbents are listed in Table 4 showing the biosorption capacity of Pb 2+ ions onto different biosorbents reported as well as WHB as reported for the first time in literature. The capacities of these sorbents differ according to the physico-chemical properties of each biosorbents like functional groups, surface area and structure, etc. a X 1 = (t -117)/2; X 2 = (p -6)/2; X 3 = (w -7)/2; X 4 = (C 0 -280)/2. 
Experimental design analysis
As per the results obtained till now, it is clear that the alkali treated WHB show more efficient removal of Pb 2+ ion from the wastewater. Thus considering the different process controlling parameters for alkali treated water hyacinth bulbs, such as contact time (t) observed up to 200 minutes, pH (p) was varied within the range of 2 to 10, dose of bio-adsorbent (w) was varied within the range of 0.5-5.0 g, initial metal ion concentration (C 0 ) was investigated in the range of 100 mg/L to 500 mg/L. Contact time (t), pH (p), adsorbent loading weight (w) and initial metal ion concentration (C 0 ) were varied as process variables according to the 'face centred central composite design' (FCCD) (Tables 5 and 6) for optimisation of the Pb(II) removal percent (E) as response. FCCD was created by entering factors 't', 'p', 'w' and 'C 0 ' in terms of ±1 level to perform RSM and to predict the effect of process variables on Pb(II) removal.
The quadratic model equation relating to the response function and tested independent variables as developed by the software is given by equation (17) 
The analysis of variance (ANOVA) is considered to be useful to test the statistical significance of the response surface quadratic model. The ANOVA results (Table 7 ) of the quadratic model suggests that the model is highly significant as it is evident from the Fischer's F-value (higher F-value of 16.24) with a low probability value (p < 0.0001).
The goodness of fit of the model was further checked by the correlation coefficient (R 2 ) between the experimental and model predicted values of the response variable. A fairly high R 2 value of 0.9381 implies that the regression model was statistically significant and only 6.19% of the total variation was not explained by the matrix. A coefficient of variance (C.V) of 2.92 suggests better precision and reliability of data obtained by performing the experiments while the non-significant lack of fit value (more than 0.05) implies validity of the quadratic model. Overall, The ANOVA analysis indicates the applicability of the model for simulation of the bio-sorption process of Pb(II) using water hyacinth bulbs within the limit of experimental factors. 
Artificial neural networking model
In the present research, an artificial neural networking (ANN)-based model was also developed for predicting the bio-adsorption of Pb(II) by WHB. A three layer ANN was employed for the present study. The data generated through the experimental design analysis of FCCD (Table 5) were used to figure out the optimal architecture of ANN. The original data set (comprising of 30 data run) was divided into three subsets -training (20 data run), validation (5 data run) and testing set (5 data run). The splitting of data into training, validation and testing were carried out to estimate the performance of neural network for prediction of the 'hidden' data that were not used for training. In this manner, the generalisation capacity of ANN model can be assessed. The number of hidden layer and neurons were established by training different feed-forward networks of various topologies and selecting the optimal one based on minimisation of the performance function -mean square error (MSE). The obtained optimal architecture (topology) of ANN model for the present problem involved a feed-forward neural network with four inputs, two hidden layers (one layer with sixteen neurons and another with four neurons) and one output layer (including one neuron) [Figure 9(a) ]. This feed-forward network topology is denoted as multilayer perception, MLP (4:16:4:1), referring to the number of inputs and the number of neurons in the hidden and output layers, respectively. To figure out the optimal values of weights and biases, the network MLP (4:16:4:1) was trained using back propagation method (BP) based on Levenberg-Marquardt algorithm. The goodness-of-fit between the experimental and the predicted response specified by the ANN model is shown in Figure 9 (b). The % removal of Pb(II) using WHB showed the relation between the experimental and predicted removal as: y = 0.89x + 19.01, where 'y' is the % Pb(II) removal (experimental) and 'x' is the % Pb(II) removal (predicted ANN model). A correlation coefficient of 0.9848 suggests the reliability of the developed ANN model.
Comparison of FCCD and ANN model
In this study, FCCD and ANN methods were applied for modelling and optimisation of the bio-adsorption process of Pb(II) by WHB. To test the validity of FCCD and ANN results, experiments were conducted for ten new trials, consisting of permutations of experimental factors, which do not belong to the training data set. The actual and predicted values along with the residuals (the difference between actual and predicted values), for both designs are shown in Table 8 . The fluctuations of the residuals are relatively small and regular for ANN compared to FCCD. The FCCD model shows greater deviation than the ANN model. The performance of the constructed ANN and FCCD models was also statistically measured by the root mean squared error (RMSE) and absolute average deviation (AAD) as follows:
( ) ( 1 9 ) where n is the number of run, % R p is the predicted value and % R e is the actual experimental value. R 1 for FCCD and ANN was determined as 1.283 and 4.106 while A 1 was found to be 1.026 and 0.024 for FCCD and ANN respectively. These results show a clear superiority of ANN over FCCD (RSM) model for both data fitting and estimation capabilities. This finding accentuates and establishes the fact that ANN has better prediction performance than FCCD (RSM). 
Treatment of paint industry effluent
The effluent containing Pb 2+ ions was collected from a medium scale industry at Kolkata, India. The Pb 2+ ions present in the waste effluent was treated with locally available natural biosorbent in batch condition (Singha and Das, 2012) . The characteristics of the industrial effluent are listed in Table 9 . The batch biosorption studies are carried out under controlled and optimised laboratory conditions of pH, temperature, contact time, loading weight, agitation speed, etc. for WHB sorbent in the present study. The results as shown in Table, clearly depicts WHB as the most suitable biosorbent for the treatment of paint industry effluent containing Pb 2+ ions. The locally available scrap weed water hyacinth from which the authors studied WHB gave Pb 2+ ion concentration in the treated effluent below 1.5 mg L -1 which followed and qualified the norms of Indian standard for the discharge of waste effluent containing toxic Pb 2+ ions. The other different heavy metal ions present in the paint industrial effluent were also treated to a certain extent. 
Conclusions
The bio-adsorption of Pb(II) ions from aqueous solution onto water hyacinth bulbs has been investigated in this article. Bio-adsorption tests were carried out as a function of contact time, pH, bio-adsorbent weight and metal concentration. Experimental results indicate that WHB were effective in removing Pb(II) ions from aqueous solutions. RSM based on a full factorial FCCD and a feed-forward multilayer ANN with back-propagation algorithm were applied for optimisation of the bio-sorption process. Initial metal ion concentration, bio-adsorbent weight was the most significant factor controlling the percent removal of the metal ions from aqueous solution. The interactive effect of contact time and pH was found having no significant effect on the removal efficiency. Under the optimum combination of the variables maximum removal achieved was 85.3% with initial metal ion concentration of 100 mg L -1
, adsorbent loading weight of 5.0 g and contact time of 120 minutes. The percentage of removal illustrated positive linear correlation with all four variables. The predicted bio-sorption removals were in good agreement with the experimental analysis for both FCCD and ANN designs. The results based on the validation data set indicate the prediction accuracy of ANN was better than FCCD model. From the results it can be concluded that abundantly available water hyacinth bulbs can be used as efficient, low cost and eco-friendly bio-adsorbent for removal of heavy metal like Pb(II) from wastewater.
